Our objective in this study was to estimate the probability that a Chlamydia trachomatis (CT) infection will cause an episode of clinical pelvic inflammatory disease (PID) and the reduction in such episodes among women with CT that could be achieved by annual screening. We reappraised evidence from randomized controlled trials of screening and controlled observational studies that followed untreated CT-infected and -uninfected women to measure the development of PID. Data from these studies were synthesized using a continuous-time Markov model which takes into account the competing risk of spontaneous clearance of CT. Using a 2-step piecewise homogenous Markov model that accounts for the distinction between prevalent and incident infections, we investigated the possibility that the rate of PID due to CT is greater during the period immediately following infection. The available data were compatible with both the homogenous and piecewise homogenous models. Given a homogenous model, the probability that a CT episode will cause clinical PID was 0.16 (95% credible interval (CrI): 0.06, 0.25), and annual screening would prevent 61% (95% CrI: 55, 67) of CT-related PID in women who became infected with CT. Assuming a piecewise homogenous model with a higher rate during the first 60 days, corresponding results were 0.16 (95% CrI: 0.07, 0.26) and 55% (95% CrI: 32, 72), respectively.
Pelvic inflammatory disease (PID) is a leading cause of both tubal factor infertility and ectopic pregnancy (1, 2) . PID is a clinical diagnosis typically indicated by lower abdominal pain, in association with local tenderness upon bimanual vaginal examination (3) . Infection with Chlamydia trachomatis (CT) is an important risk factor for the development of PID, and knowledge of the role of CT is critical for assessing the efficacy and cost-effectiveness of CT screening (4, 5) . PID is also caused by other infections of the female reproductive tract, including other sexually transmitted infections (STIs) and infections introduced during surgery, abortion, or parturition; these other risk factors may be unaffected or indirectly affected by CT screening and cause a background level of nonchlamydial PID (3).
A range of observational studies have followed untreated CT-infected women prospectively and have observed the numbers of women developing PID (6) (7) (8) (9) (10) ; in some studies the infection, presumably symptomatic, has been diagnosed in a clinic (6) (7) (8) 10) , and in 1 study it was identified by screening asymptomatic cases (9) . There have also been controlled trials randomizing large numbers of women to screening and treatment or to no screening (11) (12) (13) . However, there is a remarkable lack of consensus on the risk of PID attributable to an episode of CT, in spite of a major authoritative review (1) . Still more surprising is the lack of consensus on what studies should be used to estimate this risk.
In the United Kingdom, one recent cost-effectiveness analysis of screening (5) estimated the risk of PID following CT from a Swedish data linkage study (14) , and another based an estimate on retrospective data (15) . Neither used the evidence from randomized controlled trials, although this would be regarded as the most reliable evidence of causal effects.
Programs designed to screen for and treat CT have 2 purposes: to reduce transmission to partners and thereby lower prevalence and the number of future infections, and to prevent PID and further sequelae in the women found to be infected (4, 16) . Untreated CT infection usually clears within 1.5 years (17) (18) (19) (20) , so women who are diagnosed through screening have already "survived" a period of infection without developing PID. Randomized controlled trials of screening and treatment versus no screening can provide direct information on the proportion of CT-caused PID that can be prevented in a population with prevalent infection (13, 21, 22) . However, it is the proportion of preventable PID in women with incident infection that is required to evaluate programs designed to lower infection rates.
Previous reviews (1, (23) (24) (25) of prospective data on progression to PID have been qualitative. Here we synthesize data from these studies to provide quantitative estimates of the difference in the rates at which PID develops in women with and without CT. From these estimates, we derive first the probability that an episode of CT will cause an episode of PID and then the proportion of episodes of PID caused by CT, in women with CT, that could be prevented by randomly timed annual screening-that is, screening not associated with recent risk of infection, referred to herein as "annual screening."
In this article, we first reappraise the results from prospective studies, including nonrandomized and uncontrolled studies. We then present a 3-state continuous-time Markov model, which allows for not only different rates of development of PID in CT-infected (CT+) and CT-uninfected (CT−) women but also spontaneous clearance of CT, a competing risk. It also allows for CT infection in women who are initially uninfected (CT−) and for reinfection with CT in women who are initially CT+ but who spontaneously clear infection or are tested and treated. We then reanalyze each of the controlled studies, both randomized and not, under the assumptions of the model, and finally synthesize the results altogether, to obtain estimates of the proportion of incident CT that results in PID and the proportion of CT-caused PID in women who become CT-infected that can be prevented by annual screening.
MATERIALS AND METHODS

Information sources and their interpretation
We identified 8 studies ( Table 1 ) that followed women with CT to assess the proportion who developed PID in the absence of, or prior to, treatment (the search strategy is presented in Web Appendix 1, available at http://aje.oxfordjournals.org/). Some studies were set in sexually transmitted disease clinics, and others were based on infected women recruited by population screening. Five were observational, one of which, a clinic-based study, included a control group. The remainder were randomized controlled trials, all based on screened populations. In the Prevention of Pelvic Infection (POPI) Trial (11) , participants in one arm were screened and treated immediately, while in the other arm screening and treatment were deferred until the end of the study. Table 1 shows the proportion of women with PID in each arm at the end of each study. Most investigators have focused attention on these proportions and, in controlled studies, on relative risks. However, it is necessary to account for the mean follow-up time t o for each observation o. The last column of Table 1 shows crude study-specific estimates of the rates of progression to PID, based on a constant hazard within each study and arm.
The crude estimates of the progression rate in CT+ women vary by factors of 30-fold: Studies based on STI clinics have shorter follow-up periods and higher apparent progression rates, while those based on screened populations tend to have longer follow-up periods and lower progression rates. There are 3 possible explanations for this. Firstly, CT infections spontaneously resolve without treatment, so even if progression rates were constant over time, with CT clearance as a "competing risk," the numbers of women acquiring PID must slowly decrease over time toward a background level seen in a representative control group. The effect of this will tend to be greater in studies with longer followup periods. However, the mean duration of untreated CT has been estimated to be over a year (17) (18) (19) (20) , so this would explain only a small part of the apparent differences. A second possible explanation is that women visiting STI clinics are more likely to have symptoms than those identified through screening, and the higher CT load associated with symptoms (26-28) may confer a greater risk of developing PID. A third possible explanation is that the risk of developing PID may be greater during the period immediately after CT infection (1, 29) , even if the infection is asymptomatic.
There is a fundamental difference between STI clinic studies and screening studies. Women are most likely to visit STI clinics because of the onset of symptoms or because of concern following recent possible exposure to infection. They are therefore more likely to be recently infected. This is supported by evidence that symptoms mostly occur soon after infection (6, 20) . Screening studies, by contrast, recruit participants with asymptomatic, prevalent CT infection who have already "survived" an unknown period of time without developing PID. Further, if the risk of PID is higher immediately following infection, the screening studies must underestimate the overall progression rate. For example, if asymptomatic infection lasted exactly 12 months and if 20% of incident cases developed PID (at which point they were treated for CT), always exactly 3 months after infection, the annual progression rate that would be observed in patients recruited from a prevalent population would be only 5.9% (i.e., 3/(0.8 × 12 + 0.2 × 3) × 0.2), a gross underestimate. In such a scenario, only screening and treatment occurring during the first 3 months of a 12-month infection would prevent PID. As a result, a single screen every year would prevent only 29.4% (5.9%/20% = 29.4%) of the PID cases caused by CT. 
Only comparative studies can contribute information on δ, but we cannot derive estimates of δ from comparative studies without information on λ C and λ I s . We assume that the CT clearance rate for asymptomatic infection, λ C , is constant across studies, at 0.74 (95% credible interval: 0.61, 0.89) per year, based on a synthesis of evidence from Abbreviations: CI, confidence interval; CT, Chlamydia trachomatis; CT+, CT-infected; CT-, CT-uninfected; PID, pelvic inflammatory disease; POPI, Prevention of Pelvic Infection; RCT, randomized controlled trial. previous studies on CT duration (20) . Similar estimates have been reported elsewhere (17) . For CT incidence λ I s , we assume an infection rate of 5% per year in women who are CT− at the outset and a reinfection rate of 15% per year in women who are CT+ and tested and treated. Given an average duration of CT infection of 1-1.5 years, a 5% incidence reflects a CT prevalence of 5%-7.5%, which accords with the baseline CT prevalence in the 3 trials. Reinfection rates are higher by approximately a factor of 3 (30) . We assume that all women in the Scholes et al. (13) and Østergaard et al. (12) (95% CT−) studies are at risk of infection, whereas all women in the Rees (10) (50% CT+) and POPI (11) (100% CT+) studies are assumed to be at risk of reinfection. Detailed sensitivity analyses (Web Appendix 2) show that conclusions are relatively insensitive to the values assumed.
Some of the screening studies recorded the proportion of women who were tested and treated for CT during followup, thus shortening their time at risk of CT-PID. This was 43% for the POPI Trial (11), 32% for Østergaard et al. (12), and 8.1% for Rees (10) . The Scholes et al. paper (13) implies that some women were tested but does not report how many; we have assumed a proportion of 32%, following Østergaard et al. (12), but we explored the impact of a lower rate in sensitivity analyses (Web Appendix 2).
We consider 2 models. In the first, the causal rate of PID due to CT, δ, is constant throughout the duration of infection. In the second, the causal rate during the period immediately following CT infection (δ 1 ) is different from the causal rate during the remainder of the infection (δ 2 ). We fit models with the rate δ 1 lasting for periods of 30, 60, and 90 days postinfection.
Estimation
Details of the estimation methods are given in Web Appendix 3. In brief, each study arm provided data with a binomial likelihood, which estimates a probability parameter, such as p sij ðtÞ, representing the study-specific transition probability that a person in state i occupies state j, t years later. These probabilities are entries in the transition probability matrix P(t). If the transition rates are constant throughout the period t, then the transition probabilities, on which we have data (Table 1) , are functionally related to the transition rates in equation 1 by Kolmogorov's (31) forward equations:
Estimation is carried out using a Bayesian approach, where the posterior distribution is sampled through Markov chain Monte Carlo simulation. The rate parameters in equation 1 are given vague priors, the values of which are updated by the data. Numerical solutions to the forward equations are found in each Markov chain Monte Carlo cycle, using the WinBUGS (32) add-on WBDiff (33), which uses the Runge-Kutta method (34, 35) . From the POPI Trial (11), only the CT+ groups were included in this analysis, because the causal rate estimate is thereby based on a randomized comparison. The proportion of women with CT in the early treated arm are considered, in effect, to be CT− at the start of the observation period.
Those in the deferred treatment group are, of course, CT+. However, in the Scholes et al. (13) and Østergaard et al. (12) trials, while the women in the screened arm are again taken to be CT− at the start of follow-up, those in the unscreened arm are a mixture of (untreated) CT+ and CT−. The studyspecific CT prevalences in the screened arms are estimators of these mixing proportions.
Further details on how the observed data inform the rate parameters in the matrix G (equation 1) are given in Web Appendix 3. The joint posterior distribution of the rate parameters is used to obtain posterior distributions for the 2 parameters of interest: the proportion of CT infections that result in PID and the proportion of CT-caused PID in women who become infected with CT that is preventable by annual screening.
Probability that incident CT will cause an episode of PID While the comparative studies provide an estimate of the difference δ in progression rates between CT+ and CT− women, the target parameter of interest is the proportion of incident CT infections that result in PID. We assume that a proportion, φ, of incident CT cases are symptomatic and treated, clearing at rate λ T , and acquiring PID at the same rate as asymptomatic women. The remaining 1 − φ infections are asymptomatic. To simplify the equations and maintain generality, we ignore non-CT-related PID as a competing risk at this stage. Even if the rate of non-CT PID were twice that observed in the screened arm of POPI, this would only change the value of our target parameter by about 2.5% (i.e., a multiplicative factor of 1.025). The probability that either type of infection will cause PID is the ratio of the rate of leaving state 1 for state 3 to the rate of leaving state 1, a standard result from competing-risks analysis (36) . The proportion of incident cases of CT leading to an episode of PID in a homogenous model is therefore
Calculation of κ requires estimates of φ and λ T . For the former, we use the estimate from Geisler et al. (6) , 0.24 (95% credible interval: 0.17, 0.32). For the latter, we assume that treated infection lasts 4-8 weeks.
In the 2-stage piecewise homogenous model, with the initial rate lasting for B days, the probability of developing PID in the first B days and the probability of developing PID subsequently, conditional on having neither developed PID nor cleared infection in the first B days, are summed:
Estimation of the proportion of PID episodes prevented by screening
Even with 100% coverage, an annual screening program for CT would not prevent all cases of PID. In this paper, we estimate the proportion of episodes of CT-related PID that could be prevented in women who become infected with CT. The expressions for this quantity are derived and presented in Web Appendix 3. This applies to the benefits to CT+ women who are screened and treated and is not designed to measure the full effect of screening, since it does not take into account reduction in PID due to reduced CT incidence.
Plan of analysis
The data analysis is carried out in several steps in order to show the influence of the different types of data on the estimates of interest. Firstly, we examine each of the comparative studies separately. We then synthesize information from all 3 randomized controlled trials and then from the 4 comparative studies. Studies are combined on the basis that the progression rates in CT− women vary between studies in an arbitrary way, but the difference δ between the progression rates from CT− and CT+ has the same fixed effect across studies.
Estimation and model critique
Posterior mean values and 95% credible intervals were obtained from the Bayesian Markov chain Monte Carlo package WinBUGS, version 1.4.3 (32) . Unless otherwise stated, vague priors were employed throughout, so that results are dominated by the data. Note that the prior structure for the rates is functionally equivalent to a model with a rate for PID caused by CT and a competing risk of non-CTrelated PID. To assess goodness of fit, we used the posterior mean residual deviance, whose expected value is approximately equal to the number of data points under the assumption that the model is true (35, 37, 38) . Further details are available in Web Appendix 4, and the WinBUGS code is provided in Web Appendix 5. Table 2 shows the study-specific estimates from the homogenous Markov model of the difference δ, which we interpret as the causal rate of PID in CT+ women, and the proportion of incident CT infections that result in PID. While the POPI Trial data delivered the lowest estimates of both parameters, the credible intervals for the estimates from the other studies were considerably wider and approximately compatible with the POPI results. The estimates from the Scholes et al. study (13) were relatively insensitive to changes in assumptions on the proportion tested during the follow-up period (Web Appendix 2). Table 3 presents the results of combining the information from the different studies under each of the homogenous and piecewise homogenous models. In all of the models, the mean residual deviance was close to the number of data points, indicating a good fit. In addition, it was apparent that the estimates under the 1-rate model were broadly similar for data 1) from the POPI Trial only, 2) pooled from all trials, and 3) including the observational study as well. The causal rate of PID ranged from 0.15 cases per year to 0.19 cases per year, and the probability of CT causing PID ranged from 0.12 to 0.16. The proportion of CT-caused PID that was preventable by annual screening remained at 61%-63%. The degree of overlap between these estimates and the shape of the posterior distributions can be seen in Figure 2 .
RESULTS
The data did not distinguish the 1-and 2-rate models in terms of goodness of fit. The rate in the initial period is estimated to be approximately 50% higher than the rate during the remainder of infection, which is slightly lower than that for the 1-rate model. Both rates are insensitive to the assumed time period for the initial rate between 30 and 90 days (Table 3) . Confidence intervals are very wide, however, and a Bayesian P value testing the null hypothesis of equal rates in the 60-day model was only 0.67. The assumption of 2 rates has no real effect on the causal probability of PID. The estimated proportion of PID cases that can be prevented by screening was reduced marginally to 54%-58% for B = 90 days and B = 30 days, respectively, although the 95% credible intervals were wide (Figure 3) . Sensitivity analyses (Web Appendix 2) showed that although results from some of the individual studies can be sensitive to changes in assumed infection and reinfection rates, none of the results for the pooled analyses using the single-rate model were changed by more than a multiplicative factor of 4%. Results from the 2-rate model were more sensitive, with κ varying between 0.15 and 0.20 when B = 60.
DISCUSSION
Early literature on the progression from CT to PID cited high rates based on uncontrolled studies in high-risk populations (8, 39) . Over time, these estimates were increasingly questioned (4, 40, 41) . Quantitative estimates of the causal a Estimated using the Markov model shown in Figure 1 .
relation between CT and PID have been made using a wide range of study types (42) , including linkage studies of treated women (14, (43) (44) (45) (46) (47) , arguments from retrospective data (15) , and the use of CT serology (48) (49) (50) (51) . More recently, it has been accepted that linkage studies cannot be used to generate reliable estimates (24) . The approach presented here has some novel aspects. The Markov model characterizes the causal rate as the difference in progression rates in CT− and CT+ individuals. It takes account of the "competing" role of CT clearance and of the fact that persons testing CT+ upon screening have already "survived" a period without developing PID. Finally, we have allowed for the impact of CT treatment of women in the untreated arms of trials and likely reinfection rates among those who were treated.
The continuous-time Markov formulation avoids the limitations of traditional relative risk estimates (11) (12) (13) of the effect of CT screening. As the follow-up period is extended, the risk ratio estimate will be diluted by CT clearance and PID caused by infections (both CT and non-CT) acquired after the screening and treatment, while in time the risk difference should converge to a stable estimate. Crude risk difference estimates (11, 22) should also be interpreted with caution. The POPI Trial data suggest that screening can prevent 83% of PID occurring during the following year in a prevalent CT+ population (11) . Based on the Markov model, these data tell us that the proportion of incident CTcaused PID that can be prevented by annual screening is lower, between 55% and 65%. The study has also shown for the first time that similar estimates can be derived, though indirectly and with less precision, from trials of screening versus no screening. The Scholes trial in particular has been criticized (21) because testing and treatment rates outside the protocol are unlikely to be the same in the 2 arms. We have used the information available, and sensitivity analyses, to mitigate this. Even with this defect, the trials are clearly superior sources of evidence on the causal effects of CT to the often-cited observational studies, where the difference in CT status at the outset is likely to correlate with risk factors that favor development of PID: higher partner change, greater risk of exposure to other agents that cause PID, and greater prior exposure to CT.
The study relates to "annual screening" at a random point in time. In practice, the benefit of screening for the individual infected woman may be greater if it occurs soon after partner change, as recommended in some countries, or less if partner testing and treatment are not pursued effectively.
The main weakness of this analysis lies in the reliance of almost all prospective studies on clinical PID as the outcome and between-study variation in case definition (42) . While clinical PID reflects the cost to care providers of treating PID, it does not always signal the presence of the tubal inflammation (salpingitis) that is responsible for ectopic pregnancy and tubal infertility. The clinical definition may overestimate the rate of laparoscopically defined salpingitis, which may only be present in 45%-75% of cases (50, 52, 53) . If the clinical PID that is not salpingitis is never caused by CT, then our estimate of the probability that CT causes PID can be interpreted as the probability that CT causes salpingitis. However, if the proportion of PID that is true salpingitis is the same regardless of whether it is caused by CT, then the probability that CT will cause an episode of salpingitis is likely to be lower than the estimates we derived, equaling about 40%-80% of our estimate.
Prospective studies may also underdiagnose PID, since case-control studies of tubal factor infertility suggest that up to 80% of women with tubal factor infertility report no history of PID (51, (54) (55) (56) . However, Wølner-Hanssen (57) found that only 11% of women with tubal factor infertility reported never having had clinical symptoms. In prospective studies where participants are questioned about symptoms of PID, few cases are likely to be missed.
The systematic difference in observed PID rates in studies with shorter and longer follow-up periods has led to the suggestion that the progression rate is not constant over time (1) . The potential impact of this has been explored in the mathematical modeling literature, using Markov or similar models (29, 58) to predict the proportion of PID prevented. However, with one exception (58) , these studies have generated estimates of the proportion prevented from scenario analyses based on estimates of progression rates that were derived from models which do not allow for the competing risk of clearance or the left-truncation inherent in screening studies. The key contribution of this paper is to actually estimate all of these parameters consistently within the Markov model framework. We found that the proportion of CT-related PID that could be prevented by annual screening may be as low as 55%, which might represent only 20%-25% of all PID (59) . Estimates based on 2-rate models were relatively insensitive to the duration of a period of heightened PID risk following CT infection but were derived from a single, nonrandomized study. The sparse data available do not distinguish homogenous and piecewise homogenous models statistically, and the confidence intervals for the parameters are wide. However, both 1-and 2-rate models are considered plausible a priori (1) .
